It is widely recognised that Acoustic Emission (AE) is gaining ground as a NonDestructive Technique (NDT) for health diagnosis on rotating machinery. The source of AE is attributed to the release of stored elastic energy that manifests itself in the form of elastic waves that propagate in all directions on the surface of a material. These detectable AE waves can provide useful information about the health condition of a machine. This paper reports on part of an ongoing experimental investigation on the application of acoustic emission for gear defect diagnosis. Furthermore, the possibility of monitoring gear defects from the bearing casing is examined. It is concluded that AE offers a complimentary tool for health monitoring of gears.
Introduction
Measurement of high frequency Acoustic Emissions (AE) has become a viable technique in the condition monitoring of many types of rotating machinery [1] [2] [3] [4] [5] . On real operational machinery it is often only practical to take AE measurements from nonrotating members, at or on the bearing housing. Consequently, AE signals originating from any component other than the bearing will incur significant attenuation to an AE receiving sensor attached on the bearing housing. Furthermore, the AE signal will be further colored by the characteristic frequency response of the AE transducer itself. In light of these factors, interpretation of the AE signals is not trivial. Frequencies associated with AE activity cover a broad frequency range of between 20KHz to 1MHz.
Publications of vibration analysis to gear fault diagnosis are widely available and the subject has been investigated for over four decades. Most gear failures are a result of bending and surface fatigue. Drosjact et. al [6] attempted to relate changes in gear defect vibration frequencies with the actual physical mechanism that caused such a change. It was postulated that changes in tooth thickness due to the presence of pits cause modifications in the Hertzian compliance. In addition, it was commented that pitting caused instantaneous changes in Hertzian stiffness which generated a Hertzian impact as a direct result of the sudden velocity differences between the pinion and the wheel. the limiting process for gear life but more recently micro pitting has received considerable attention especially in conditions of low film thickness where it is the dominant life limitations [7] . Pitting is a phenomena associated with rolling contacts.
Al-Balushi et al [8] employed energy-based methods for diagnosis of spurs gears in a back-to-back gearbox. The test rig was run to failure for 40hrs. Analysis of relative energy was used for diagnosis and compared with statistical methods (Kurtosis etc).
More specifically the square root of energy index, cumulative energy index and cumulative square root of energy index were computed. Test results related AE energy levels to a broken teeth and signs of pitting. It is interesting to note that no torque/load vales were presented, furthermore, it would be expected that should stress levels be large enough to cause tooth failure within 40-hours, pitting across the entire gear teeth would be evident. The results were also compared with vibration data for a helicopter gearbox.
Al-Balushi author suggested that AE technique was advantageous in relation to the vibration method for identification and location of a defect. There was no specific information on the characteristics of the AE sensors employed, however, AE signatures were band pass filtered between range 40 KHz to 60 KHz.
Tandon et al. [9] applied AE to spur gears in a back-to-back gearbox test-rig. The speed of the motor was kept constant at 1000rpm while the load varied during the test. A jet oil lubrication system was employed for lubrication. The AE sensor employed had a resonant frequency of 375 KHz. Simulated pits of constant depth (500µm) and variable diameter (250/350/450/550/1100 and 2200µm) were introduced by spark erosion on the pitch line. Three AE parameters were measured; energy, peak amplitude and AE counts.
Tandon concluded that the AE parameters increased as the defect size (diameter of pit) and the load increased. The AE measurements indicated a sharp increase when the defect size was around 500µm whereas vibration data showed a comparable increase in activity when the defect size was more than 1000µm, indicating an advantage of AE over vibration for early detection of defects in gears.
Sentoku [10] undertook investigations into the application of AE to spur gear defect diagnosis under forced lubrication conditions at rotational speeds of 800 rpm and 992rpm. An AE sensor was placed on a gear wheel and the detected AE signature was transmitted across a mercury slip ring. The resonant frequency of the AE sensor was 350
KHz. In addition, a strain gauge was placed on the root of the tooth in order to related AE activity to changes in the tooth root strain values. During tests the surface roughness of the tooth was measured at appropriate times, as was the pitting size. No faults were seeded, and natural pitting occurred during the course of the test. During early stages of the test (number of cycles 5x10 4 to 10 6 ), Sentoku observed no changes in AE amplitude, rather it was noted that the AE signal became smoother. At that point, visual inspection confirmed that there was no pitting on the gear tooth surface. As the number of cycles increased (11x10 5 to 18x10 5 ) AE amplitude increased, as did the pitting area ratio. It was concluded that AE amplitude and energy increased with an increase in pitting.
Miyachika et al [11] performed a bending fatigue test using three different gears with common module (4mm), pressure angle (20°) and number of teeth (18). Two sets of
NDT and E International, 36 (7), pp. [471] [472] [473] [474] [475] [476] [477] 2003 gears were made of SC415 steel, had a face width of 10mmand were case hardened to a depth 0.9mm and 1.8mm (Hardness, Hv 550). A third gear set was normailsed with a face width 8mm. An AE sensor was placed on the gear and AE signatures were filtered between 200 KHz to 1000 KHz. For the two case-hardened gears, an increase in event counts and cumulative event counts was observed just before initiation of a tooth crack.
For the normalized gear not such an observation was made. Furthermore, on case hardened gears an increase in cumulative event count increased with crack growth to a specific depth of hardness, after which the rate was almost constant. The peak amplitude of the case-hardened gears was also higher than the one from the normalized ones.
Singh et al [12] undertook experiments on two different types of gearboxes to investigate simulated pitting on the pitch line of a gear tooth using an EDM process. For both set-ups an AE sensor with resonant frequency 280KHz was employed. In addition, an accelerometer was also used for comparative purposes. It was interesting to note that both the accelerometer and AE sensor were placed on the gearbox casing. The first experiment employed a "Generator Drive Offset Quill" which is used on some UH-1 helicopters. The gear ratio was 41:55 and the speed was maintained constant at 1400rpm. A simulated pit was introduced at the pitch line (using EDM) in just one tooth, with dimensions 1.25mm depth and 1.25mm diameter. During background noise test it was observed that a reduction in rotational speed to 920rpm resulted in a decrease in background AE
amplitude. An increase in speed also increased the background noise levels. The second set-up was a back-to-back gearbox with gear ratio 1.5 (42/28 teeth) and speeds of 1775rpm and 2662rpm. In this set-up no fault was introduced. Pitting started to appear
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Yet further investigations were undertaken by Singh et al [13] During the bending test an accelerometer was also used to monitor vibration level. The test showed that AE signal could detect crack initiation and growth while the accelerometer could detect the crack growth only in the later stages.
The second part of the experiment involved accessing the transmissibility of AE within the gearbox. Several transmission paths were investigated and lead pencil breaks were used to simulate AE activity in the gears. Tests were untaken at varying torque levels and it was observed that at light loads greater attenuation was observed relative to heavily loaded conditions. In addition, it was noted that at high loads the rate of attenuation remained fairly constant. Attenuation of 19dB was observed across the gear mesh and a total loss of up to 45dB was noted from the gear mesh to the bearing housing. This loss was an accumulation of losses across individual interfaces, e.g., shaft-spline interface.
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Experimental set-up
The test-rig employed consisted of two identical oil-bath lubricated gearboxes, connected dB. Prior to the analog-to-digital converter (ADC), the card employed anti-aliasing filters that can be controlled directly in software.
Figure 2 AE sensor located on driven wheel
Energy and r.m.s values were calculated in real time by the ADC controlling software.
The software employed a hardware accelerator so that calculations could be performed in Atto-Joules. The time interval for acquisition was set at 100msec and the graphical display presented in this paper was obtained by averaging 50 acquisitions; in effect, every point on the graph was equivalent to an average value over five-second of acquisition.
Figure 3 Slip ring with compressed air supply
Prior to taking data on the gearbox test-rig the gear sets were run-in for over four hours at rotational speed of between 300 to 600rpm. AE background noise was monitored at three
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Slip ring
NDT and E International, 36 (7), pp. [471] [472] [473] [474] [475] [476] [477] 2003 rotational speeds, 600, 1300 and 1800rpm. In addition, observations of AE activity due to misalignment and natural pitting are detailed.
Observations and discussions on background noise
During tests AE background noise measurements for defect free gears were recorded.
Three speeds at a fixed torque were investigated and the results, with the sensor placed on the driven wheel and the bearing casing of the driven wheel shaft, are detailed in figures 4 to 7. NDT and E International, 36 (7), pp. [471] [472] [473] [474] [475] [476] [477] 2003 This gradual decrease was more evident with AE data capatured from the driven gear wheel. It was also noted that for the sensor placed on the driven wheel, the AE r.m.s and energy values associated with a rotational speed of 1300rpm showed relatively more activity that at other speeds, see figures 4 and 5. This was attributed to the fact that resonance of the geared system, which was approximately 1150rpm, generated larger excitations of the system, resulting in an increase in AE variation about a mean value.
Whilst these results are in agreement with Singh [12] , this is the only publication that shows the instantaneous effect of change in speed on AE values in real time on a gearbox. Clearly, it suggest that whilst changes in operating conditions result in changes of AE parameters, there is a gradual 'settling in' period in which the measured AE values decrease to a base level, albeit higher or lower than the previous process condition. The gradual settling period is attributed to the gearbox reacting and accommodating the change in dynamic characteristics.
Observations and discussions on misalignment
Whilst undertaking experimental tests a set of gears was replaced and background noise readings were undertaken prior to continuing with the investigative programmes Eventually the AE activity levelled off after 11 hours of operation. At this stage the gearbox speed was increased to 1800rpm for a short duration after which the gear was visually inspected. Increased pitting and wear were evident, see figure 12 . The settling of AE values after such a prolonged period of increase is attributed to the establishment of a constant rate of wear. It is worth noting that the levels of AE r.m.s and energy are greater with misalignment than observed for background noise under defect free condition.
Sentoku's [10] findings that AE activity increased with increasing wear have been verified. In addition, it was observed that the rate of increase in AE values reached a maximum, and remained at this level for over four-hours. 
Figure 14
Observations of AE energy as a function of speed with sensor on the driven wheel bearing casing
Conclusion
This paper has demonstrated the applicability of AE to gear health diagnosis. The behavior of AE to changes in speed or process in real time has been presented.
Furthermore, it has been demonstrated that gear defect can be diagnosed from the bearing casings. Results of this ongoing work will be subject to future publications.
